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The Causes of Armature Surface Fracturing Within
Helical Flux-Compression Generators
Jason Baird, Member, IEEE, and Paul N. Worsey

Abstract—Aluminum and copper tubes filled with explosive
were tested during this study of high strain rate effects, as an
adjunct to helical flux-compression generator research at the
University of Missouri-Rolla, directly affecting the understanding
of flux cutoff and high strain-rate changes in generator armatures. Longitudinal cracks characteristically developed in the
outer surface of armatures at a smaller expansion ratio than
predicted. These cracks occurred within two diameters of the
detonator end of the armature but did not extend when the
tubing expanded under explosive pressurization. Such cracks
appear to cause magnetic flux cutoff, and flux losses seriously
affect energy conversion efficiency. Energy, timing, and structural
analyzes showed that detonation pressurization was not the cause
of fracturing. A two-dimensional Lagrangian finite-difference
numerical model was used to analyze the effect of detonation
waves on the armature, and demonstrated that the cracking
resulted from the stress field caused by the waves. Compressive
detonation waves cause both compressive and tensile regions
in armatures. This complex stress field causes low-cycle metal
fatigue, affecting how the tube fractures when it is impulsively
loaded by high-pressure detonation gases. Isolation of shock wave
effects during operation is demonstrated in the paper, allowing for
more efficient generators in practice.
Index Terms—Detonation wave, flux-compression generator,
pulsed power, shock hydrodynamics.

I. INTRODUCTION

T

HE AUTHORS are part of the Explosives Research
Group located at the Rock Mechanics and Explosives
Research Center (RMERC) of the University of Missouri-Rolla
(UMR). In 1998, the Explosives Research Group, along with
the Texas Tech University (TTU) Electrical Engineering Department’s Pulsed Power Laboratory and researchers from the
TTU Mechanical Engineering Department, formed the initial
membership of a research consortium whose work has been
described elsewhere [1].
The consortium was tasked with discovering some of
the causes of inefficiencies in flux-compression generators,
through basic research in areas not currently being investigated
by government laboratories in the United States. One aspect
of the consortium’s research effort is to study the explosive
expansion of metal cylinders used as armatures within a helical
generator design. The cylinders are made of aluminum or
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copper tubing, that is 3 mm thick and 15 cm long by 3.8 cm
in diameter and filled with high explosive. Oxygen-free highconductivity (OFHC) copper cylinders were annealed to the
dead soft state prior to testing, and aluminum cylinders were
tested at both hard and soft states.
While examining high-speed photographs of expanding armatures, the principal author discovered unusual cracking in
their outer surfaces. The cracks appeared in armatures of both
metals, no matter which annealed state was used in the tests. The
photographs of the armatures were taken in the detonation tank
of the RMERC Explosives Laboratory by a high-speed Cordin
010-A framing camera. In a typical test, as the detonation
progressed along the explosive charge the cylinder expanded
according to the progress of the detonation through it. The
longitudinal cracks, evident on 2 ms-duration photographic
exposures, began on the surfaces of the detonator end of the
cylinders. The cracking was unusual, because in each test,
the longitudinal fractures stopped their extension at identical
distances along the cylinders. The fractures were postulated
to be the source of one or more generator inefficiencies, due
to magnetic flux losses. Fig. 1 is a composite photo of two
such cylinders, showing the longitudinal fractures.
The armature is part of the electric circuit within the generator. As the flux within the generator is being compressed, electric currents begin flowing on the outer surface of the armature
in a circumferential direction due to the magnetic field orientation. The flow of these currents must not be disturbed if flux is
to be compressed efficiently between the armature and stator. If
their flow direction is altered, the magnetic field direction will
be affected. If the current flow is retarded by features such as
longitudinal cracks on the surface of the armature, it is hypothesized that arcing will occur between the armature and the stator.
The arcing will create a very hot plasma, causing the stator insulation to break down before the sliding contact reaches that
location. Because the arcing causes the current flowing from
the armature to the stator to jump ahead of the sliding contact,
and the sliding contact is no longer part of the current path,
compressed magnetic flux is trapped in the region between the
sliding contact and the arc. The trapped flux is lost to the compression process, and is a source of inefficiency [2].
II. ARMATURE FRACTURES
All engineering materials begin to break when stressed beyond their strength limitations and when the metal in the armature is expanded beyond a certain point it begins to crack.
Experimentally, this limit is reached when the armature is expanded to more than twice its original diameter [3]. Cracking
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Fig. 1. Armature fracturing. (left) OFHC Cu. (right) 6061-T6 A1.

at that point would have no effect on generator performance as
designed, because the armature would have already expanded
through the stator, and the time for flux compression would be
past.
In RMERC armature tests, the explosive detonation was initiated at one point in the center of one end of the explosive
charge. As the detonation wave proceeded through the length
of the explosive charge within a typical armature, the armature
tube began to expand into a truncated conical shape and the cone
shape moved down the tube in the same direction as the explosive detonation wave. As expected, after expanding to about two
times its original diameter the tube began to break apart, with
high-speed photography showing detonation products escaping
through fractures in the metal.
Explosive expansion produces circumferential strains in an
armature. Cracks caused by expansion begin where the stresses
first exceed the tube material’s ultimate strength, and such expansion cracks will extend their lengths along the armature as
the armature is expanded explosively. The fracturing that is the
topic of this paper, however, occurred much sooner in the expansion process. Also, after their initiation the fractures did not
extend along the expanding tube as would be expected if they
were purely a result of explosive expansion of the tubes. The
type of longitudinal fracturing only occurred within two diameters of the initiated end of the tubes, as shown by high-speed
photography of their expansion.
The immediate and easy assumption was that armature expansion was behind the failures. Unfortunately, the fractures were
occurring at much lower armature diameter expansion ratios
than was expected in the generator design. In addition, explosive expansion causes cracking that begins on the inner surface
of the armature tube, but the longitudinal cracks began on or
near the outer surface. These were two of several clues lead the
principal author to suspect that shock dynamics, rather than explosive pressurization, is the root cause of the fracturing.
If explosive expansion is not a probable cause of premature
fracturing, what other, less obvious cause might there be? What
other forces act on the armature during testing? The fracturing
must have been as a result of strains within the armature metals,
and those strains resulted from the action of forces on the metals.
Aside from atmospheric pressure, gravity, and explosive expansion, the only other forces acting on the armatures are shock
loads from the explosive charge detonation. Atmospheric pres-

Fig. 2.

Detonation products escaping from cracks.

sure and gravity are obviously not the cause of armature fracturing; otherwise, the armatures would fracture prior to testing.
So, strains within the armature that cause the premature cracking
are shock-induced if they are not due to explosive expansion,
gravity, or atmospheric pressure.
III. RESULTS AND DISCUSSION
The following method was utilized. First, the amount of
external work done by the particular system of forces being
examined (explosive or shock hydrodynamic) on the armature
was determined. Then, the work was equated to strain energy,
stress was calculated from strain energy, and the resultant
was compared to handbook data to see if the stress was high
enough to fracture the metal. If so, then the timing, type, and
location of the stresses was checked to see if stress fracturing
could have caused the premature cracks.
During impact loading of ductile materials, the enormous
/s) causes
structural loading rate (producing strain rates
brittle failure [4], [5]. Upon close examination, the armature
cracking appeared to be some sort of brittle failure. Interestingly, research performed by others has pointed out that this
type of brittle failure of ductile material is primarily due to
shear stresses rather than tensile stresses. Ductile materials
under impact loads yield due to slip (shear) along crystal
planes. Therefore, any failure criteria used to determine if a set
of external forces is the cause of structural failure had to relate
to the material’s shear strength [4].
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For the statics analysis of the loading configuration, another
simplifying assumption was used. Instead of considering
loading effects on individual metal crystals or grains, it
was assumed that the material properties were isotropic and
homogeneous because of the large number of crystals and
randomly arranged flaws (which are failure initiation loci)
in the macro structure. Therefore, Hooke’s Law was used to
evaluate stress/strain relationships within the macro isotropic
and homogeneous structure of a thick-walled tube [4]. Using
Hooke’s Law, the following are true:

with
as internal pressure and as any radius. The Lamé’s
radial displacement relationship for a cross section of an
GPa, and
6061-T6 aluminum armature, with
[6] becomes
(3)
The Lamé’s radial displacement relationship [(5)] for a cross
GPa, and
section of an OFHC copper armature, with
[7] becomes
(4)

(1)
where is Poisson’s ratio, is shear strain, is strain, is
stress, is shear stress, is the shear modulus, and is Young’s
Modulus.
The relationships in (1) were used to estimate the loads
that might cause armatures to fracture prematurely. Fractures
of the sort seen in the armature photographs, if caused by
stresses in the metal tube, are produced by tensile loads in the
circumferential direction. Consider the stress in an armature
cross section (a ring, basically) due to shock wave passage
and subsequent explosive pressurization. Since the armature
thickness of 3 mm which was more than 10% of the armature
inner radius, 16 mm, the armature was considered a thick-walled
rather than a thin-walled tube for stress calculations. As a
result, the tube was in plane strain rather than plane stress,
as the variation of stress through the wall thickness causes
more than just a “membrane” stress [4].
Therefore, the calculations are more complex than for the
plain stress situation, as they included the variation in stress
through the thickness of the tube wall. Symmetry within the
cross section dictated that shear stresses are zero, otherwise the
cross section would rotate about one of its axes. The tensile
stress derived from these computations was then related to material shear maxima through the octahedral shear stress theory.
Following the Ugural and Fenster (1979) treatment for internal pressurization of tubes in plane strain, any stress developed by explosive pressurization loads which would produce
the premature armature fracturing are tensile circumferential
stresses that are at their greatest on the inside surface of the
armature. Using the theoretical Lamé’s relationships for radial
and circumferential stresses and inserting the inner and outer
mm,
mm) for cross sections of
radius values (
both aluminum and copper armatures, results in
mm
mm

(2)

The problem now was to obtain and to decide upon a radius
within the armature wall at which flaws coalesced to initiate
cracks. In the interest of simplicity and conservatism, it was
for
decided to use the Chapman–Jouguet (CJ) pressure as
this calculation. The CJ condition is the theoretical steady-state
condition during a detonation reaction, and CJ pressure is less
than the pressure spike, which helps to define the detonation
wave leading edge [11].
The CHEETAH hydrodynamic–thermodynamic computer
code [8] developed at the Lawrence Livermore National
Laboratory was used to calculate performance of the armature
explosive charges (both military and commercial C-4) used
in the RMERC research. In the interest of conservatism, the
was
pressure on the internal surface of the armature tube (
taken to be the lowest of the calculated pressures, which was the
CHEETAH-derived Accurate Arms C-4 pressure of 22.36 GPa
at a density of 1.58 g/cc, instead of the higher pressure from
into (3)
military standard C-4. Inserting these values of
and (4) produces radial displacements (at the inner surfaces
of armature cross sections) due to pressurization of 32.15 mm
for the aluminum armature and 18.88 mm for the copper. So,
in the amount of time it takes for the CJ pressure to develop
within a cross section (on the order of a few microseconds), the
ring of armature wall material is displaced to a radius of more
than twice the original radius (for copper) or slightly more than
three times the original radius (for aluminum). Even though the
armatures are made of ductile metals, dynamic loading at these
extreme rates definitely causes brittle failure in the armatures.
Since the maximum tensile circumferential stress is at the armature’s inside surface, the stress magnitude due to detonation
pressure will be determined on the inside surface.
According to (2), the circumferential stress during explosive
expansion in an armature cross section is greater than the radial
stress. Using the same in (2) for circumferential stress as was
used for radial displacement in (3) and (4) results in a value
GPa at the inner surface for both aluminum
of
and copper armatures. This stress, according to the octahedral
or
shear stress theory, should be reduced to
75.9 GPa for the armature as a structure.
How do these stresses affect the armature structure? Examination of the handbook material properties for these two metals,
of the armature expansion photographs, and of the timing of
shock wave arrival at the armature surface reveals that expansion stresses did not cause premature longitudinal cracking in
the armatures.
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Fig. 3. Armature tube at 1.31 ms after detonation. The detonation wave is passing through the explosive/metal interface. Note that the radial scale (4 mm from
16
22) is different from the axial scale (50 mm from 0
50).

<I<

<J<

Fig. 4. Same block of cells as before, but viewed from the opposite side (outer surface of armature is in the foreground) at 2.71 ms after detonation. Tensile
stresses immediately inside the armature surface have exceeded the ultimate tensile strength of the armature.

In the first place, the ultimate tensile strength of OFHC
copper (soft temper) is 235 MPa, and of 6061-T6 aluminum is
310 MPa [6], [7]. Both of these values are at least two orders of
magnitude less than the circumferential tensile stress generated
by the expansion of explosive gases 75.9 GPa. Therefore, if the

cracking seen in the armature photographs is due to explosive
pressure, the cracking should initiate at the inner surface of the
armature. It does not; the longitudinal cracks are external. They
do not start out as cracks on the inner surface of the armature
tube, because there is no photographic evidence of detonation
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Fig. 5. Compressive and tensile regions within the armature at 4.91 ms after detonation. The compressive maxima have a wavelength of about 15 mm and a speed
of about 16 mm/ms. The top graph has the inner surface of the armature (the explosive/tube interface) in the foreground, and the bottom graph is a view from the
opposite side (outer surface of armature is in the foreground).

products escaping through them (see Figs. 1 and 2). If the
cracks seen on the outer surface originated at the inner surface,
explosion gases would have been forced through them under
the tremendous expansion pressures. The cracks originate on
the external surfaces of the armatures, where the circumferential stress due to explosive pressurization is the lowest. So,
since the cracks do not originate on the internal surfaces of the
armatures, where the stress due to explosive expansion is the
highest, they are not a result of explosive expansion.
Second, for explosive expansion to be the culprit the timing
was all wrong, as a timing analysis shows that the cracks were
initiated prior to the beginning of explosive expansion. There
is, however, a definite correlation between the time longitudinal

cracking began and the time at which the hydrostatic stresses
due to shock effects were present in the armature metal.
Next, using the optical properties of detonation waves [9]
and detonation head theory [10], it was verified that tensile
regions (rarefactions) due to shock hydrodynamics were present
in the armature wall in the fracture locations. The Mach stem
effect was also examined, because the presence of a Mach
stem on the inner surface of the armature tube would alter
the shock impingement on the explosive/tube interface. An
analysis of shock locations and flow directions indicated that
Mach stem formation should have occurred along the interface
about 1.6 cm beyond the detonator position. Since the detonator
position is 2.1 cm into the explosive charge, the point of Mach
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Fig. 6. Maximum tensile stress is located at about (21.5, 8.5) (expressed in I, J
coordinates). Note that the explosive/tube interface is in the foreground, and that
the armature surface is in the background. Only tensile stresses which exceed
the armature tubing ultimate tensile strength are plotted.

stem formation correlates to the end of the premature fracture
zone in the armature tube (about 3.5 to 4 cm). Upon formation
of the Mach stem, the shock in contact with the inner surface of
the tube would be approximately at right angles to the surface,
effectively wiping out any shock transmission into the tube.
At this stage, all that was lacking for proof that shock hydrodynamics caused the cracks was a detailed view of the regions
of compressive and tensile stress within the armature metal. In
order to get such a view, a two-dimensional (2–D) Lagrangian
finite-difference hydrocode (TDL) [11] was employed to simulate the hydrodynamics within the armature tube. The code mesh
was constructed to include the detonator and explosive, as well
as the armature tube, for the first 6 cm of the armature. The simulation was allowed to run until gas pressurization began to affect
armature expansion, in order to produce data required for visualization of the timing and position of tensile regions in the metal.
The data was then plotted to reveal the regions of compressive
and tensile stresses within the armature tube; see Figs. 3–5. The
hydrocode analysis showed the first arrival of the shock wave
at about 2.10 s after detonation, which agreed with the arrival time of between 2.08 and 2.21 s found by shock timing
analysis. The hydrocode analysis also revealed tensile regions
caused by shock reflections within the metal tube of the armature. These regions formed near the armature outer surface, and
then retreated toward the inner surface of the armature tubing as
they traveled down its axis. A temporal series of plots showed
the trajectory of the tensile region through the wall of the armature tubing. The outer part of the region stayed at the surface
and moved down the tube until the region traveled axially about
1.5 cm beyond the end of the detonator at about 3.5 s after detonation. At that point, it moved off the surface into the armature
wall, closely matching the experimental results. Figs. 6–9 are
plots of the tensile stress trajectory at the indicated times.
Given the alternating compressive and tensile stresses in
the armature as predicted by TDL, it is reasonable to expect
that longitudinal cracks form where tensile detonation wave
reflections cause crack initiation points. These points form a
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Fig. 7. Maximum tensile stress now at about (20, 11).

Fig. 8. Two areas of high tensile stress have appeared. The original one is now
at about (20, 13), and the new one is at about (20, 1).

preconditioned, damaged area through low-cycle fatigue. Immediately after the crack initiation loci are created, compressive
stresses are imposed on them, keeping the incipient cracks
closed. These incipient flaws are opened into cracks a few
microseconds later, as expansion of the armature tube due to
explosive pressurization begins. The regions farther down the
tube, beyond the preconditioned area, expand normally and
do not crack until the tube expands beyond the stator position.
IV. CONCLUSION
Several mechanisms have been shown to contribute to the longitudinal fracturing of generator armatures.
Shock wave and timing analyzes predicted crack formation
at the location and time where they are seen during tests.
Geometric optics, applied to detonation waves, identifies
the point where the detonation wave changes from spherical
to semiplanar; it is in the region where longitudinal fracturing
stopped on the armature test photographs.
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Layered materials of different densities and thicknesses can be
analyzed in these simulations to reduce or eliminate the effects
of tensile stresses on the armature outer surface, before the actual generator is constructed.
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Fig. 9. Original high tensile stress region is now centered at about (20, 17),
and the new one is at about (19, 1). Compressive stresses (not plotted in these
graphs) now appear along the armature surface.
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